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Ordered FePt nanodot arrays with extremely high density have been developed by physical vapor
deposition using porous alumina templates as evaporation masks. Nanodot diameter of 18 nm and
periodicity of 25 nm have been achieved, resulting in an areal density exceeding 1
1012 dots/ in.2. Rapid thermal annealing converts the disordered fcc to L10 phase, resulting in
001-oriented FePt nanodot arrays with perpendicular anisotropy and large coercivity, without the
need of epitaxy. High anisotropy and coercivity, perpendicular easy axis orientation and extremely
high density are desirable features for future magnetic data storage media applications. © 2007
American Institute of Physics. DOI: 10.1063/1.2802038
Magnetic data storage density is advancing with amaz-
ing speed, supported by the progress in both nanotechnology
and nanomagnetism.1 The industry is presently aiming at
densities toward and beyond 1 Tbit/ in.2.2 Several challenges
need to be addressed to realize this goal, one of which is the
well known superparamagnetic limit of the recording media.3
As the bit and, therefore, the crystallite size of the thin film
recording media shrinks to accommodate higher recording
density, the thermal energy will eventually dominate the an-
isotropy energy, leading to grains with randomly fluctuating
magnetization that are incapable of storing information.
Bit-patterned media has been proposed more than a de-
cade ago, where each discrete identical nanodot is used to
store a single bit. The superparamagnetic limit is applicable
to a single bit rather than individual grains within a multi-
grain bit, thus leaving room for the further improvement of
areal density. Cui et al. have used e-beam lithography to
pattern magnetic thin films with areal density of
65 Gbits/ in.2.4 However, the top-down approach is slow and
cost prohibitive for mass production. The development of the
so-called self-organized magnetic array using solution phase
synthesis and self-assembly of FePt nanoparticles have gen-
erated tremendous interest in recent years due to their low
fabrication cost and the highest achievable density.5 How-
ever, prevention of particle aggregation during annealing6
and aligning of magnetic easy axis remain the two greatest
hurdles for applications. An alternative bottom-up approach
is to use self-assembled porous templates for the growth of
magnetic arrays.7,8 Magnetic nanowire arrays have been pro-
duced by electrochemical deposition in porous anodic alu-
mina PAA templates.8 However, high aspect ratio of the
nanowires is not desirable for high density recording due to
structural inhomogeneities, incoherent magnetization rever-
sal, and limited writability. A recent paper reported
L10-ordered CoPt nanocolumns with 100 nm spacing and
001 orientation obtained by electrochemical deposition in
PAA with postdeposition annealing.9 Magnetic and semicon-
ductor nanodot arrays can also be fabricated by physical va-
por deposition using ultrathin PAA templates as masks.10,11
Despite the rapid progress in this area, producing or-
dered magnetic nanodot arrays with very high density spac-
ing 30 nm, controlled easy axis orientation and high co-
ercivity, which are essential for future storage media
applications, remained a great challenge. In this paper, we
report the development of L10-structured FePt nanodot ar-
rays with perpendicular anisotropy, high coercivity, and ex-
tremely high density. They were fabricated by physical vapor
deposition using ultrathin PAA Ref. 11 as masks, followed
by rapid thermal annealing RTA. There are several advan-
tages of our systems comparing to early available materials:
1 the periodicity of 25 nm leading to extremely high den-
sity of above 11012 dots/ in.2, 2 large coercivity originat-
ing from the high magnetocrystalline anisotropy Ku2
107 erg/cm3 of L10-structured FePt, 3 perpendicular
easy axis orientation resulting from the 001 texture,12 4
ease of fabrication without epitaxy. Thus, these nanodot ar-
rays possess some of the most essential features desirable for
future high density recording media.
PAA templates have been prepared by dc anodization of
an aluminum foil in acidic solutions.13 Under appropriate
conditions acid type, concentration, temperature, and dc
voltage, hexagonally close packed pore arrays with tunable
diameter and periodicity can be formed. Figure 1 shows typi-
cal scanning electron microscope SEM images of PAA tem-
plates with different pore sizes and periodicities. Uniformity
of the pore size and spacing is clearly demonstrated, as well
as the spatial ordering. The standard deviation of the pore
diameter is d /d10%. The highly ordered hexagonal pat-
tern can extend up to a few micrometers. The domain size of
an ordered region for the template with the smallest period-
icity of 25 nm Fig. 1d is somewhat smaller. This can be
improved by prepatterning the aluminum surface, e.g., with
self-assembled monodisperse nanoparticles.14
To facilitate the penetration of atoms through the pores
of the templates for the deposition of nanodots, ultrathin
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PAA templates have to be employed. This is realized by a
two step anodization process:13 the first anodization between
2 and 12 h leads to pore arrays with long range order. The
alumina layer was then removed by etching in acids to leave
a pattern replicating the bottom of the pores on the aluminum
surface, which acts as the pore nucleation sites for the second
anodization. The second anodization time duration is tuned
from 60 to 600 s to control the thickness of the templates
between 500 nm and few micrometers. After the anodization,
the top surface of the PAA templates was spincoated with a
layer of polymethylmetacrylate PMMA, and the aluminum
and a thin nonporous barrier layer removed by immersing the
templates in chemical etching solutions.11 Finally the tem-
plates were attached to glass or Si/SiO2 substrates, dissolved
of the PMMA coating, and cleaned and dried for the evapo-
ration. Prior to removal of PMMA, the templates can be
further thinned by immersing in phosphoric acid for different
durations to bring the thickness of the templates down to
100 nm, during which time the size of the pores are also
somewhat enlarged. Figure 2 shows the typical SEM images
of tilted views of the porous templates with different thick-
nesses, where the cross section reveals the thickness of the
templates.
FePt nanodot arrays were prepared by sputtering
Fe/Ptn multilayers and removal of the PAA templates. The
thickness of the Fe layer was varied while keeping the Pt
layer-thickness constant, so that the composition could be
adjusted. The nominal total thickness was varied from 50 to
200 Å by changing the number of repetitions n. To realize
the phase transformation of FePt, RTA was performed with
temperatures between 500 and 700 °C with duration from
1 to 600 s.12
The nanodot arrays faithfully replicate the porous struc-
ture of the templates. Figure 3a shows the typical SEM
image of a highly ordered FePt nanodot array with period of
100 nm and diameter of 70 nm, after RTA at 600 °C for
30 s. It can be seen that the nanodot array has the same
periodicity as that of the pore array and a diameter very
similar to that of the template prior to deposition. The an-
nealing does not change the size as well as the ordering of
the nanodot array. While the dot and periodicity can be tuned
by different electrolyte and anodization conditions, the dot
size can be further adjusted without changing the periodicity
by immersing the templates in weak acids to enlarge the
pores. The top left corner in Fig. 3a is a partially removed
template. It can be seen that after the deposition, the pores
are partially covered by the deposited materials and appear
smaller. Figure 3b shows the SEM image of an FePt nan-
odot array with diameter of 18 nm and period of 25 nm,
representing a density of 1.21012 dots/ in.2. The nanodots
are typically not of cylindrical or disklike shape, but rather
resemble that of spherical caps. This is due to the closure
effect and shadowing effect discussed in Ref. 11.
L10-structured FePt nanodot arrays have been realized
by RTA of the as-deposited Fe/Pt multilayer nanodot arrays.
L10-structured FePt has a face centered tetragonal structure
with the Fe and Pt atoms stacking alternately along the c
axis. For fully L10-ordered FePt, the low crystal symmetry
and strong spin-orbit coupling can lead to very high Ku of the
order of 5107–1108 erg/cm3 with the easy axis oriented
along the 001 axis.15 001-textured FePt thin films give
perpendicular anisotropy and coercivity, which are normally
achieved by epitaxial growth on single crystal substrates.16
Following our previous work on thin films,12 we have real-
ized 001-textured FePt nanodot arrays without epitaxy us-
ing RTA. Figure 3c shows the x-ray diffraction XRD pat-
FIG. 1. Typical SEM images of porous alumina templates with different cell
sizes and pore diameters: a 100 and 80 nm, b 50 and 20 nm, c 35 and
15 nm, and d 25 and 12 nm.
FIG. 2. SEM images of tilted views of porous alumina templates with thick-
nesses of a 2 m, b 1 m, c 600 nm, and d 150 nm.
FIG. 3. SEM images of a An FePt nanodot array with cell size of 100 nm,
diameter of 70 nm and nominal thickness of 100 Å top-left corner is the
partially remaining porous template; b an FePt nanodot array with diam-
eter of 18 nm and periodicity of 25 nm; c the XRD pattern of an FePt
nanodot array with 100 nm periodicity and 70 nm dot size, after RTA at
600 °C for 30 s; d the 300 K magnetic hysteresis loops of the nanodot
array measured at both parallel and perpendicular to the substrate directions.
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tern of a 70 nm FePt nanodot array on glass substrate
annealed at 600 °C for 30 s. The sample is highly 001
oriented, as can be seen from the strong 001 and 002
superlattice peaks. Nearly all other peaks are absent except a
weak bump corresponding to the 111 peak. As reported in
our previous paper,12 the texture evolution process likely
takes place in two distinctive stages, with different time
scales. The first stage, initial nucleation of disordered fcc
100 nanocrystallites, occurs in a few seconds. This is pre-
sumably due to the interaction between the FePt and the
glass substrate, e.g., by in-plane stress/strain.17 The second
stage, the disorder-order transition, takes 30 s to a few min-
utes involving neighboring Fe and Pt atoms rearranging their
respective positions. The disordered FePt with 100 orienta-
tion could in principle result in both 100 and 001 orien-
tations in the L10 phase. However, since the c axis is slightly
shorter than the a axis, 001 orientation is preferred to lower
the total surface energy. Thicker films have a tendency to-
ward the closest packed 111 orientation due to weaker in-
fluence from the substrate. Prolonged annealing also favors
grain growth and the development of 111 texture. There-
fore, film thickness and annealing time are two critical fac-
tors in achieving highly oriented 001 texture.
The nearly perfect 001 texture should lead to aligned
magnetic easy axis perpendicular to the plane. Figure 3d
shows the magnetic hysteresis loops measured at 7 T, in di-
rections both parallel and perpendicular to the substrate. It is
clearly seen that the easy axis lies in the perpendicular direc-
tion, which is consistent with XRD results. By extrapolating
and intersecting the perpendicular and parallel hysteresis
loops, we estimate a Ku value of 2107 erg/cm3. This is
lower than that of fully ordered FePt due to the short anneal-
ing time and partial ordering. The perpendicular loop shows
large coercivity of 15 kOe, owing to the large perpendicular
anisotropy of the material. The hard axis loop still exhibits
substantial coercivity, which is due to a slight misalignment
of the easy axis. A small kink appears at the zero field, which
is possibly related to off-stoichiometry and/or incomplete
phase transformation due to short annealing time.18
While the present systems address several major chal-
lenges in self-assembled magnetic arrays, more research is
needed to make them really feasible for patterned media ap-
plications. Heat-assisted recording may be used to overcome
the write field limit of the head material. Long-range order-
ing and the symmetry of the nanodots are another issue. It
has been demonstrated very recently that PAA templates with
long-range order and sub-30 nm periodicity can be obtained,
e.g., by prepatterning the aluminum with a two-dimensional
array of self-assembled nanoparticles.14,19 It is not yet clear
whether one may be able to induce circumferentially ordered
nanodots by prepatterning to preserve the current scheme of
flying a head above the media. The uniformity in magnetic
properties of individual dots also needs to be characterized
and used for the guide to improve fabrication. It is of interest
to give a realistic estimate of the ultimate areal density of the
patterned media with the current approach: assuming the
bulk Ku value of 5107 erg/cm3 and thermal stability pa-
rameter =KuV /kT=50, a simple estimate of the superpara-
magnetic size limit for a spherical the aspect ratio of nan-
odots cannot be much higher than 1 due to the fabrication
limit FePt nanoparticle is about 4.4 nm. Considering a pos-
sible surface spin disorder and loss of magnetic moment at
the particle surface, a more conservative size limit should be
about 5 nm. Assuming a periodicity of 6 nm, one obtains an
ultimate density of 20 Tbits/ in.2. Densities beyond this must
rely on a paradigm drastically different from the current
ones.
In summary, we have demonstrated the fabrication of
ordered FePt nanodot arrays with tunable dimensions by
physical vapor deposition through PAA templates. The peri-
odicity as small as 25 nm has been achieved, leading to an
areal density of 1.21012 dots/ in.2. The easy axis orienta-
tion can be controlled to achieve perpendicular anisotropy
and very large coercivity. These systems possess several es-
sential features desirable for future magnetic data storage
media applications. Magnetic nanodot arrays including Co,
Ni, and CoPt with various dimensions have also been fabri-
cated with the same technique. These arrays are ideal model
systems to test theories of nanomagnetism. The technique
can be extended to the fabrication of electronic and optical
nanodevices with extremely small size and high density.
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